Abstract-In this paper, we demonstrate a new & simple rectangular photonic crystal fiber (RPCF) for high negative dispersion covering the E to U communication band with ultra-high birefringence, large nonlinearity. According to the simulation results, the designed fiber shows negative dispersion coefficient of -776 to -1591 ps/(nm.km) over E to L communication bands with the relative dispersion slope (RDS) is perfectly matched to that of a single mode fiber. In addition, the proposed RPCF offers a high value of birefringence 2.97×10-2 and a large nonlinear coefficient of 44.5W-1km-1, both at the operating wavelength of 1550 nm. Moreover, the proposed RPCF achieved two zero-dispersion wavelengths in the visible and near IR regions for both of the x and y polarization modes.
I. INTRODUCTION
The photonic crystal fiber (PCF) is silica air hole micro-structured optical fiber that has attracted a considerable amount of attention in recent years [1] , [2] . Photonic crystal fibers show different optical properties such as high nonlinearity [2] , [3] , high birefringence [4] , polarization-maintenance [5] , [6] , large effective mode area [7] , dispersion characteristics [8] - [10] and vice versa by tuning the air hole size and position in the fiber. Due to their unique optical features, flexibility of design researchers have found significant applications of PCFs in various field such as telecommunication [11] , nonlinear optical fibers, high power lasers, chemical and biological sensing [11] , [12] etc. PCFs can be made highly birefringent by tuning the air hole parameters along two orthogonal a1xis [13] such as by creating asymmetric core design [14] . In many sensing applications birefringence is certainly a vital property of the fiber where a high birefringence is often important [15] , [16] . In long distance fiber communication, dispersion needed to be compensated for suppress the broadening of pulse [16] , [17] . Thus, to compensate the dispersion of the main fiber cable line we need a highly negative dispersion fiber with matched RDS [12] . In this paper, we present a rectangular cladding design with artificially defected core for high birefringence PCF with high nonlinearity and high negative 
dispersion.
To control the optical properties, different PCFs designed have been proposed in the past such as, rectangular PCFs, circular PCFs, hexagonal PCFs, square PCFs and so on. Reported [17] offers dispersion coefficient approximately -239.51 ps/(nm.km) with a birefringence of 1.67×10 -2 . In reported [18] reveals negative dispersion of -400 ps/(nm.km) at the operating wavelength of 1550 nm and they got the birefringence of 1.60×10 -2 . In both cases the value of birefringence is low while this is an important factor nowadays for many sensing applications. In 2013, we proposed design [19] with negative dispersion coefficient of -331 ps/(nm.km) and a high birefringence of 2.75×10 -2 . This design has a good birefringence for particular sensing applications but resulted negative dispersion is only -331 ps/(nm.km) which is an average value for dispersion compensation. In 2014, we proposed two more designs for similar applications [12, 20] . We used a hybrid cladding design [12] with a negative dispersion coefficient of -868 ps/(nm.km) but the resulted value of birefringence is only 1.06×10 -2 . In another proposed PCF [20] we showed a birefringence of 1.27×10 -2 and the value of negative dispersion was -324 ps/(nm.km).
In this paper, we are proposing a rectangular PCF (RPCF) which is used to obtain a high negative dispersion of -1249 ps/(nm.km) over E to L bands and high birefringence of 2.97×10 -2 with high nonlinearity of 44.48 W -1 km -1 at the operating wavelength of 1550 nm. We have used artificial defected core by removing several air holes from usual rectangular PCF and used only circular air hole in our design which is the main advantages of the proposed RPCF structure for design simplicity. The propose RPCF design is very easy and simple for fabrication and the resulted optical properties are also commendable than the other reported PCFs in the past. So that, the propose design is far and foremost applicable for communication systems as well as optical sensing applications. The circular air hole is used for the design that reduces the fabrication and design complexity. The diameter of the first two rings is kept larger to achieve the high negative dispersion while third ring is scaled down in order to match the value of RDS to that of a single mode fiber (SMF). To realize high birefringence, an artificial defect is created in the core region by omitting several air-holes (the dotted circle) which is shown in Fig.  1(b) . 
II. DESIGN METHODOLOGY

III. RESULTS AND DISCUSSION
For the calculation of the effective refractive index, dispersion, birefringence, effective area, confinement loss etc., of the proposed RPCF, we used COMSOL Multiphysics (ver. 4.2). To calculate the performance of the RPCF, a finite element method (FEM) with a circular shaped perfectly matched layers (PML) boundary is used. The value of dispersion (D), birefringence (B) and nonlinear coefficient (λ) are determined respectively from the equations below [12] 
Here, n eff is the modal effective indexes, Re[n eff ] is the real part of n eff , λ is representing wavelength, c is constant which is the velocity of light in vacuum, Im[n eff ] is the imaginary part of n eff , k is the wave number in free space, n x and n y are the effective refractive indices of x and y fundamental modes, n 2 is the nonlinear index coefficient and A eff is the effective area of the proposed PCF.
The fundamental mode of the optical field distributions for both the x and y polarization at the operating wavelength of 1550 nm are shown in Fig. 2 . Simulations show that both modes are strongly confined inside high-index center core region of the PCF. Fig. 3 shows the wavelength response of the dispersion for optimum parameters. The value of dispersion is -1249 ps/(nm.km) at the operating wavelength of 1550 nm for x polarizing mode. From the figure it can be seen that for both x and y polarizing modes the PCF provides two zero-dispersion wavelengths in the visible and near IR wavelength regions. The difference of the effective refractive index of x & y polarization is defined as birefringence. In our proposed design, the artificial center core intentionally creates asymmetry that provides a large increase in birefringence value which is desirable for many polarization maintaining applications like optical sensing. We have used defective core as an ellipse, for higher birefringence and the diameter of the core is d xa / Λ = 4.44 and d yb / Λ = 1.76 which provides a high birefringence of 2.97×10 -2 . Fig. 4 is showing the effect of pitch over (a) birefringence and (b) dispersion. It is seen from Fig. 4 that with the increase of the pitch Λ, the value of birefringence rapidly decreases as a result of index difference between two polarized axes decreases with the decreasing pitch. Nevertheless negative dispersion decreases from the optimum stage with the increase of pitch.
The and -1249 ps/(nm.km) which are better than previously proposed PCF designs. 34 1.39 1.44 1.49 1.54 1.59 1 The changing of first ring diameter has large impact on the desired results. In our design the first ring is the shape in ellipse and is standing around the core. However we know the effect on refractive index is very high for any small change in the parameter around the core. Fig. 5 and Fig. 6 show the wavelength dependency of birefringence and dispersion of the proposed design for the x polarized mode when the first ring parameters are tuned. Simulation result shows if the diameter is decreased than optimum stage then both birefringence and dispersion decreases. Fig. 6 shows the effect of diameter d xa on birefringence and dispersion behavior keeping other air hole positions unchanged. It can be seen from fig.6 that at the operating wavelength of 1550 nm, the peak value of both the birefringence and the negative dispersion increases with the decreasing value of d xa . Fig. 7 shows the effect of changing the diameter d yb on birefringence and dispersion characteristics. Form this figure it can be seen that the peak value of birefringence and negative dispersion coefficient increases with the decreasing value of d yb at the operating wavelength of 1550nm. Fig. 8 shows the Residual Dispersion (RD) of the RPCF for optimum parameters. It is clearly observed that the proposed RPCF is a suitable candidate for data transmission in high-bit-rate systems over E, S, C and L communication bands. To match the RDS of the proposed fiber with that of the SMF at 1550 nm the 3 rd ring diameter is tuned which is shown in Table I . The RDS of proposed RPCF design is 0.0036 nm -1 for the optimum parameters. The effective area for optimum design parameters ploted in Fig. 9 . At the point 1.55µm the effective area becomes 2.09 µm 2 . From the figure shows that the area is increased with increased of wavelength. Finally, a comparison is shown in Table II among properties of the discussed RPCF with some other PCF designs previously proposed for dispersion compensation and sensing application.
IV. CONCLUSION
We have analyzed a new RPCF design with high birefringence, large negative dispersion and high nonlinearity. A rectangular lattice structure is used to arrange the air holes in the PCF. A defected core is used in proposed RPCF to obtain high value of birefringence i.e., in the order of 10 -2 . The guiding properties are investigated numerically by using full-vector finite element method (FEM). In this proposed PCF we have found the birefringence value of 2.97×10 -2 , negative dispersion of -1249 ps/(nm.km) over E to L bands with match RDS and nonlinear coefficient of 44.5 (W -1 km -1 ) at the operating wavelength 1550 nm. Considering all simulation results and design simplicity we can conclude that this proposed RPCF is very good candidate for sensing and dispersion compensation applications.
